Abstract A 1064 nm Nd:YAG laser was used to ablate fly ash samples. The characteristics of the spectral lines measured from the laserablated fly ash plasmas are presented with special attention to atomic and molecular carbon emission. It is shown that the intensity of the atomic line C I 192.9 nm is weak and the shot-to-shot intensity is fluctuant. The carbon atomic line C I 247.7 nm is relatively intensive and stable, however it is seriously interfered with by Fe I 247.8 nm. The intensity of the CN molecular line is close to that of C I 247.7 nm and the CN line is stable and less interfered with. The comparison of molecular CN emission under different conditions (air, Ar and N2) shows that the CN lines detected from the plasmas formed in an atmospheric environment are correlated with the reaction of carbon atoms in the plasma with the nitrogen in air, which indicates that the CN line is also important in pulsed laser ablation fly ash plasmas and this information can be incorporated in the detection of unburned carbon content in fly ash. Finally, a calibration curve is established with a correlation coefficient R 2 of 0.999, using C I 247.7 nm and the CN molecular line as associated variables. In addition, accuracy is improved to a certain extent.
Introduction
As is well known, the carbon content of fly ash, the combustion products of pulverized coal, directly reflects energy losses and power plant boiler combustion efficiency. Also, the quality of the fly ash will affect the wear and tear to the heating surface of the boiler, ash deposition, slagging and corrosion, as well as the reuse of fly ash [1] . Therefore on-line measurement of the unburned carbon content in fly ash is extremely important. In recent years, LIBS has been well received as a new means of analyzing the composition of materials and is favored by the majority of scientific researchers. With the rapid development of high performance lasers, sensitive CCD detectors and high resolution spectrometers, LIBS has been widely used for the analysis of different materials [2−9] . Today, many scientific researchers dedicate themselves to the study of how to apply LIBS to measure the unburned carbon content in fly ash and other minerals. Ctvrtnickova et al. [10, 11] studied the influencing factors in the measurement of the unburned carbon content in pressed pellets of fly ash when different binders were used. They pointed out that the use of KBr as a binder is appropriate for LIBS measurements of unburned carbon in pressed pellets of fly ash. Stankova et al. [12] added an internal standard element in the fly ash to further improve the repeatability and accuracy of LIBS, and established a calibration curve using the method of multi-matrix calibration and obtained some good measurement results. Zhang et al. [13] conducted a study measuring the unburned carbon in fly ash with LIBS and used the relative intensity of the atomic line C I 247.7 nm as an associated variable. Furthermore, they found that the interference with the intensity of C I 247.7 nm resulting from the spectral line of Fe was corrected using several atomic spectral lines of Fe. A calibration curve was established using the nonlinear regression method and better measurement results were obtained. Noda et al. [5] detected the carbon content in fly ash, char and pulverized coal with LIBS under high-pressure, high-temperature conditions and found that fluctuations of experimental conditions would cause fluctuations of plasma temperature and result in some adverse effects on the stability of the spectral data. To improve the repeatability and accuracy of LIBS measurements, the authors proposed that the intensity ratio of two magnesium atomic lines should be used to correct the influence of the plasma temperature. In addition their results showed that, to some extent, this method could improve the stability of the spectral data. Kurihara et al. [14] tried to use LIBS to directly measure the unburned carbon content in the fly ash of flue gas in power plants and integrate the on-line measurement results of unburned carbon in fly ash into the boiler control system and, according to the results, to adjust the operating status of the plant so as to optimize boiler combustion. Our research group has also conducted a series of studies on using the LIBS technique for the measurement of unburned carbon content in fly ash [15−18] . It was found that the intensity of the characteristic lines of carbon is closely related to the laser energy, which will lead to instability in the ablation of samples. Therefore, in actual measurements, the laser energy density near the target surface should be reduced to a suitable level to avoid strong air breakdown. In addition, it appeared that there are obvious matrix differences between different fly ashes that are combustion products from different coals. The influence from the matrix effects can be weakened through selecting an appropriate internal standard line. In addition, through using the DUV-enhanced coating processing for the spectral detection system and selecting an ultraviolet fiber and a collimating lens whose focal length is short, the intensity of C I 192.9 nm which is in the ultraviolet region can be improved to some extent when detected under atmospheric conditions. The multivariate calibration method has been introduced in the detection of unburned carbon in fly ash and the measurement accuracy has been improved to a certain extent. It has been confirmed that it is feasible to perform on-line measurements of the unburned carbon in fly ash using the LIBS technique. Nevertheless, studies have shown that the measurement accuracy and precision of LIBS cannot meet the requirements of industrial applications. It is still a serious challenge for us to improve the accuracy of LIBS measurements of the unburned carbon content in fly ash.
In recent years, there have been many research reports on the molecular lines detected from laser ablation graphite organic plasmas [19−23] . Our research group has also conducted a series of studies on the molecular spectral lines detected from laser ablation plasmas and found that these molecular spectral lines, to some extent, have a relationship with the environment surrounding the plasma. However, whether or not the CN molecular line can be used for carbon quantitative analysis need further verification. In this paper, the characteristics of carbon-related spectra lines detected from laser-ablated fly ash plasmas were carefully studied and the formation routes of CN molecules in the fly ash plasma were analyzed though a series of LIBS experiments in different atmospheres (air, argon and nitrogen). In addition, a quantitative analysis model of the unburned carbon content in fly ash was established through combining the C atomic line with the CN molecular line as associated variables.
Experimental details
Two kinds of fly ash were taken from the ash discharge port of the ash hopper under the electrostatic precipitator in different coal-fired power plants.
The contents of unburned carbon in the two kinds of fly ash were calibrated using the loss-on-ignition method [24, 25] . The unburned carbon contents in the two kinds of fly ash were 1.40% and 11.37%, respectively. The samples for analysis were formed of the two kinds of fly ash and the contents of unburned carbon in the experimental samples were again calibrated using the loss-on-ignition method. The calibration results are shown in Table 1 .
Since it was difficult to press the fly ash samples into pellets, pure chemical Na 2 SiO 3 without C or N was chosen as a binder. Before the experiment, the samples were mixed with pure Na 2 SiO 3 . The ratio between the fly ash and the pure chemical Na 2 SiO 3 was 1:2. Three gram samples were weighed and pressed for 3 min with 20 MPa of pressure into 30 mm diameter pellets. The LIBS set-up is shown schematically in Fig. 1 . A Qswitch Nd:YAG laser (pulse duration 6 ns, beam diameter 4 mm, Brilliant EaZy, Quantel) with a fundamental wavelength of 1064 nm was used as the ablation source. The pulsed laser was focused onto the sample surface to excite the sample into plasma and then the spectral signal from the plasma was detected by a fiber optic spectrometer (AvaSpec-2048FT, Holland) which has eight channels and is integrated with a CCD (Sony, Japan) detector with 2048 pixels. The detection system provides a spanning region of 170-1070 nm with a resolution of 0.05-0.13 nm. In order to avoid interaction between the ablation craters, the samples were fixed on a motorized rotatable stage to ensure that a fresh surface was available for each laser shot. Each pellet was ablated by 150 pulsed laser shots. The laser was operated at 1 Hz and the laser energy was set to 50 mJ (relative standard deviation (RSD): 1.102%) The laser beam was focused using a quartz lens with a diameter of 25.4 mm to produce a spot whose diameter was about 370 µm and the optimum delay time was set to 1.3 µs with an integration time of 2 ms (the minimum value of the spectrometer). The plasma emission was collected in the direction with an axis at a 45 o angle with the incident beam. In order to study the formation mechanism for molecular CN, a group of experiments was conducted on sample 4# in different atmospheres with a pipe being used to purge the position that the laser focused to create different environments (air, nitrogen and argon). Before the LIBS experiments, the graphite was ablated by a laser in argon and the lack of an observation of the N atomic line, as well as the CN molecular line detected from the graphite plasma, was used to identify the position ablated by the laser, in which the graphite was completely covered by an argon flow. In addition, the pure binder Na 2 SiO 3 was ablated by a laser to confirm that the binder did not contain impurities of C or N as no C or N atomic lines, or a CN molecular line, were detected from the Na 2 SiO 3 plasma. Finally, quantitative analysis experiments were conducted in air, and samples 5# and 10# were used as prediction samples. In addition, the above experiments were repeated four times so that a statistical analysis could be conducted. 3 Results and discussion
Characterization analysis of carbon-related lines
In addition to atomic spectral lines, ion spectral lines can be detected from the laser-ablated plasmas as well as molecular spectral lines. The carbon atomic lines, such as C I 192.9 nm and C I 247.7 nm, and the molecular lines, such as CN and C 2 , are the most common lines that can be easily detected from the laser ablation plasma of the samples containing carbon [19−23] . Fig. 2 shows a comparison of atomic and molecular carbon emissions measured from the laserablated fly ash plasmas. It can be seen that there are atomic carbon lines (C I 192.9 nm, C I 247.7 nm) and a molecular CN line but no molecular C 2 line can be detected from the laserablated fly ash plasmas. Fig. 3 shows that the intensities of the atomic carbon lines and molecular CN line detected from the laserablated fly ash plasmas in air vary with the shot number and that the intensity of C I 192.9 nm is the lowest. This is mainly because this spectral line is in the deep UV region and is absorbed by O 2 in air [18] , which increases the difficulty of detecting this spectral line and intensifies its fluctuation. As shown in Fig. 3(a) , the RSD of the intensity of C I 192.9 nm from 600 pulsed lasers is up to 53%. The intensity of another carbon atomic line (C I 247.7 nm) is stronger, as shown in Fig. 3(b) . However, it is seriously interfered with by the Fe I 247.8 nm line detected from the plasma which contains Fe. As shown in Fig. 2(a) , it is obvious that the shape of C I 247.7 nm is not symmetrical with respect to the vertical line at 247.7 nm. This is mainly because this line is seriously interfered with by Fe I 247.8 nm and part of its profile is overlapped by the profile of Fe I 247.8 nm. In spite of this, Fig. 3(b) shows that the shot-to-shot fluctuation of C I 247.7 nm is smaller than that of C I 192.9 nm and the RSD of the intensity of C I 247.7 nm from 600 pulsed lasers is about 39.4%. In addition, as shown in Fig. 3(c) , the intensity of the molecular line CN 388.4 nm is close to the intensity of C I 247.7 nm. The RSD of the intensity of CN from 600 pulsed laser shots is about 31.4%. In addition, Fig. 2 (b) also suggests that there is an iron atomic line Fe I 388.7 nm around the CN molecular line, but the shift between the two lines is about 0.3 nm. Compared with C I 247.7 nm, the interference on the CN molecular line by the iron atomic line Fe I 388.7 nm is weak, which can be easily discerned by an ordinary spectrometer.
Analyses of the formation route of molecular CN
In these experiments, only the molecular CN line among the carbon-related spectral lines can be detected from the laser-ablated fly ash plasmas. Many researchers have focused on the formation routes of [18, 19, 26] . The possible routes for the production of the CN molecule could be summarized as follows [18, 19, 26] : the first route is direct vaporization from the sample due to the existence of CN radicals as intermolecular bonds with low excitation energy; the second is a chemical reaction between the atomic C in the plasma and the N in the air; and the third is a chemical reaction between the molecular C 2 in the plasma and the N in the air.
In order to further study the source of the CN molecules in fly ash plasma, experiments were performed in different gases (air, argon and nitrogen). In  Fig. 4 , the atomic C, molecular CN and atomic N lines detected from the fly ash plasmas in different gases environments are presented. Fig. 4(b) and (c) show that no molecular CN or atomic N emission lines are observed from the plasma formed in the argon environment, which indicates that the CN molecular spectral line detected from the plasma formed in air does not come from the fly ash samples. This is mainly because the nitrogen content in coal is very low, generally less than 1%, and the fly ash comes from the combustion of coal, during which the temperature of the boiler is in the range of 1800-2500 K. So, most of the nitrogen in the coal is volatilized in the form of NO x [27−30] . Therefore, there is almost no nitrogen in the fly ash. However, as shown in Fig. 4(b) and (c), both the molecular CN and atomic nitrogen emission lines could be observed from the fly ash plasmas in air and nitrogen, thanks to the presence of nitrogen in the environment. So it can be inferred that the nitrogen mainly come from the surrounding environment (air, nitrogen) and the carbon come from the fly ash.
As shown in Fig. 5 , in the spectra detected from the laser-ablated pure graphite plasmas in argon environments, the C 2 molecular line is located at 516.4 nm and 512.7 nm. Fig. 6 shows the spectral range that covers the C 2 molecular line detected from the laser-ablated fly ash plasmas in different environments (air, N 2 , Ar). There is no spectra line of molecular C 2 from the fly ash plasmas in argon or nitrogen. There are two possible reasons for this phenomenon: one, no molecular C 2 exists in fly ash plasmas; two, molecular C 2 exists in fly ash plasmas, but is present in the ground state. The possible routes for the production of the C 2 molecule could be summarized as follows: the first route is direct vaporization from the sample due to the existence of C 2 radicals as intermolecular bonds with low excitation energy; the second is binding between the C atoms. As we know, the excitation level of molecular C 2 is 2.4 eV, which is lower than that of the atomic line C I 247.7 nm (7.68 eV). However, the C I 247.7 nm spectral line can be detected from the fly ash plasmas. Therefore, it can be speculated that there are no C 2 radicals existing as intermolecular bonds directly vaporized from the fly ash. In addition, the unburned carbon in fly ash is mainly coke, the form of which is between amorphous carbon and graphite carbon, but mostly in the form of graphite carbon [31−33] . Namely, the carbon in fly ash is mainly in the form of a C-C single bond. In addition, recent studies have shown that the C 2 molecular line detected from the plasma exhibits greater relevance with C=C double bonds [26] . Therefore, the C 2 radicals as intermolecular bonds in the samples are almost completely dissociated into atomic carbon. In addition, Dong et al. [34] , members of our research group, studied molecular C 2 using laser ablation molecular isotopic spectrometry and found that C 12 C 13 molecules which arise from binding between atomic C 12 and C 13 can still be detected 2000 ns after the laser ablates the sample. The delay time in our experiments is 1300 ns and the gate width is 2 ms, if C 2 molecules are arising from the binding between the atomic carbons in fly ash plasmas, then the C 2 molecular line should be detected from the plasmas. Therefore, it can be speculated that binding between atomic carbons does not take place in fly ash plasmas. This phenomenon may have a relationship with the low carbon content in fly ash. Therefore, it can be confirmed that the molecular spectral line of CN detected from the fly ash plasmas results from the atomic C in the fly ash plasma reacting with the nitrogen in the surrounding environment (air, nitrogen). In summary the molecular CN line detected from fly ash plasmas comes from the reaction between the atomic carbon in fly ash plasmas and the nitrogen in the surrounding environment, and the CN molecular line detected from the plasmas contains the information about the unburned carbon content in the fly ash.
Quantitative analysis
In the above analysis, both the CN molecular line and the C atomic line detected from the plasmas contained the information about the unburned carbon content in the fly ash. Therefore, in this paper, a correlation analysis is conducted between the unburned carbon content and the intensity of the C atomic spectral lines as well as the CN molecular line. The integrated intensity of the spectral lines is chosen as the input intensity. To weaken the interference from the spectral line of Fe, the intensity of C I 247.7 nm is twice the integrated intensity of the left part of the corresponding line profile. Fig. 7 shows the calibration curve that uses C I 192.9 nm, C I 247.7 nm and CN as associated variables. Table 2 summarizes the performances of C I 192.9 nm, C I 247.7 nm and CN. In addition, the average concentration and the RSD are calculated from samples 5# and 10#. As shown in the analysis results, the coefficient of determination of the calibration model, R 2 (C I 192.9 nm) is 0.929. However, the performance of C I 192.9 nm is poor, its relative error reached 14% and the RSD even reached 15.8%. This is mainly because this spectral line is quite difficult to detect due to absorption from O 2 in the air. Compared to C I 192.9 nm, the performance is better when C I 247.7 nm is used as an associated variable. The coefficient of determination, R 2 , reaches 0.996, the relative error of the measurement results of the validation samples is less than 5% and the RSD is less than 6.1%. Overall, the intensity of CN is also strongly correlated with the unburned carbon content in the fly ash. The coefficient of determination, R 2 , reaches 0.993, and the relative error of the measurement results of the validation samples is less than 4.2%. However, the measurement precision is unsatisfactory when one uses the CN molecular line directly as an associated variable and the RSD of the measurement results of the validation samples is up to 18.5%. In fact, the plasma contains molecules, atoms, ions, electrons and other gaseous particles. Upon cooling, the excited atomic, ionic and molecular fragments produced within the plasma emit radiation that is characteristic of the elemental composition of the material in the volatilized sample [35] . Under local thermal equilibrium conditions, for a LIBS plasma, the intensity of an emitted line due to an electron transition in an atom from an upper level m to a lower level n can be expressed as (taking C I 247.7 nm as an example) [26] :
where c is the velocity of light in a vacuum, λmn is the wavelength of the emission line, Amn and g m are the transition probability and statistical weight, respectively, Em is the energy of the excited state m, T is the plasma temperature, k is the Boltzmann constant, h is the Planck constant, N a (T ) is the total number density of the carbon atoms in the plasma and U (T ) is the partition function. According to the Born-Oppenheimer approximation [34] , under the existence of thermal equilibrium among the rotational and vibrational states, the emission intensity of the molecular line (CN) can be expressed as:
where K 1 is a constant, S J J are the rotational line strengths (also known as Honl-London factors if the two states are in Hund's limiting case), ν J J is the vibrational quantum number, F is the rotational energy terms, T rot is the molecular rotational temperature, N m (T ) is the total number density of the molecular CN in the plasma and Q(T rot ) is the rotational partition function. From the above equation, it can be seen that the intensity of the C atomic line is directly related to the total number density of atomic carbon in the plasma, while the intensity of the CN line is directly related to the total number density of the CN molecules. Dong et al. [34] , members of our research group, found that the CN molecular line can be detected from the plasmas formed in air 100 ns after laser ablating of the sample. Therefore, 1300 ns after the laser ablates the sample, namely when the carbon in the plasmas is in the forms of atomic carbon and molecular CN, the detection system begins to collect the spectral information.
In addition, the molecular CN is arising from the reaction between atomic C in the plasma and the nitrogen in the air, so the carbon atomic line and the CN molecular line have some relationship and both contain the information about the unburned carbon content. Therefore, the information on the number density of atomic carbon and the number density of the CN molecules is taken into consideration to establish a quantitative analysis model to further improve the measurement accuracy of the unburned carbon content in fly ash. As shown in Fig. 8 , the conventional linear model is established by correlating the carbon concentration to the intensities of both the C I 247.4 nm and CN lines. According to the plot, the coefficient of determination, R 2 , is improved from 0.993 (CN) and 0.996 (C I 247.7 nm) to 0.999. The maximum detection error among the validation samples is regarded as the detection error for the validation. Therefore, the absolute error decreases from 0.22% for C I 247.7 nm and 0.36% for CN to 0.19% for the combination of the C I 247.7 nm and CN molecular lines. The relative error decreases from 5% for C I 247.7 nm and 4.2% for CN to 2.4% for the new model. However, the RSD of the measurements increases from 6.1% for C I 247.7 nm to 9.2% for the new model. So, by combining the atomic line C I 247.7 nm with the CN molecular line, the calibration model not only becomes more robust, but also improves the measurement accuracy and uncertainty to some extent. These results illustrate that the incorporation of the CN molecular line as supplementary information to establish the calibration model for the unburned carbon content in fly ash improves the correlation between the carbon concentration and the intensity of the spectral line. In addition, the CN line can be used as supplementary information for the quantitative analysis of unburned carbon content.
Conclusion
In this paper, the characteristics of carbon-related emission lines from laserablated coal ash plasmas were studied. The results show that the atomic spectral lines C I 192.9 nm and C I 247.7 nm, as well as the molecular CN line, could be detected from the fly ash plasmas in air but no C 2 was observed. The comparison of the emission intensities suggests that the intensity of the atomic line of C I 192.9 nm is quite weak and fluctuant; while the atomic line of C I 247.7 nm is more intensive and stable, and there is serious interference from Fe I 247.8 nm; whereas the molecular spectral line of the CN molecule is also intensive and stable, and is less interfered with by Fe I 388.7 nm. In addition, the formation route of the molecular CN spectral line was further analyzed and the results show that the CN molecules mainly come from the reaction between the atomic carbon in the fly ash and the nitrogen in the atmosphere gas. So, to some extent, the CN molecular spectral line contains information about the unburned carbon content in the samples. In addition, a calibration curve is established for the CN molecular line with correlation coefficients R 2 of 0.993, which confirms the possibility of using the CN molecular line as supplementary information to establish a quantitative analysis model for the unburned carbon content in fly ash. Finally, a calibration curve was established via the conventional linear calibration method using both the C I 247.7 nm and CN molecular lines. The coefficient of determination, R 2 , was increased and the measurement accuracy and uncertainty were improved to a certain extent.
